Abstract: The innate immune system provides the first line of host defense against invading microorganisms before the development of adaptive immune responses. Innate immune responses are initiated by germline-encoded pattern recognition receptors (PRRs), which recognize specific structures of microorganisms. Toll-like receptors (TLRs) are pattern-recognition receptors that sense a wide range of microorganisms, including bacteria, fungi, protozoa and viruses. TLRs exist either on the cell surface or in the lysosome/endosome compartment and induce innate immune responses. Recently, cytoplasmic PRRs have been identified which detect pathogens that have invaded the cytosol. This review focuses on the pathogen recognition of PRRs in innate immunity.
Introduction
The immune system is divided into innate and adaptive immunity. The innate immune response is the first line of defense against microbial infections. In Drosophila, which lacks adaptive immunity, a Toll receptor has been shown to induce effective immune responses to Aspergillus fumigatus [1] . In 1997, a mammalian homolog of Toll (now known as TLR4) was discovered through database searches [2] . Since then, accumulating evidence has shown that the innate immune system specifically recognizes invading microorganisms. The 'sensors' of the innate immune system are germline-encoded receptors that recognize conserved molecular patterns (pathogen-associated molecular patterns, PAMPs) of microorganisms. These so called pattern-recognition receptors (PRRs) [3] are quite different from the large repertoire of rearranged receptors in adaptive immunity. PAMPs are possessed by microbes but not by the host. Furthermore, PAMPs are essential for microbial survival, consisting of conserved structures among many pathogens. Therefore, PAMPs are good targets for the innate immune system to discriminate between self and nonself with limited numbers of PRRs. TLRs are capable of detecting various microorganisms and play a critical role in innate immunity. However, other PRRs are also involved in the recognition of invading pathogens. NACHT (the domain present in NAIP, CIITA, HET-E and TP1)-LRR (leucine-rich repeat) (NLR) family includes both nucleotide-binding oligomerization domain (NOD) proteins and NACHT-LRR-and pyrin-domain-containing proteins (NALPs) [4] . Some members of the NLR family recognize microbial components in the cytosol. Furthermore, the RNA helicases such as retinoic acid inducible gene-I (RIG-I) [5] and melanoma-differentiation-associated gene 5 (MDA5) [6] [7] [8] [9] , have been identified as cytosolic receptors for intracellular dsRNA, which induce type I Interferons (IFNs) in response to dsRNA viruses in a TLR-independent manner [10, 11] . In this review, the pathogen recognition of these PRRs in innate immune system will be described.
TLR
To date, the TLR family consists of 13 mammalian members [12] . The cytoplasmic portion of TLRs shows high similarity to that of the interleukin (IL)-1 receptor family, and is now called the Toll/IL-1 receptor (TIR) domain. A TIR domain is required for initiating intracellular signaling. The extracellular region of TLRs and IL-1R are markedly different. Whereas IL-1R possesses an Ig-like domain, TLRs contain leucine-rich repeats (LRRs) in the extracellular domain, and are responsible for the recognition of PAMPs [13] . Each TLR has an intrinsic signaling pathway and induces specific biological responses against microorganisms. Recognition of microbial components by TLRs triggers the activation of signal transduction pathways, which then induce dendritic cell maturation and cytokine production, resulting in development of adaptive immunity [12] . Genetic approaches have been conducted mainly to analyze the physiological function of TLRs, and have revealed essential roles for TLRs in the recognition of pathogens. So far, the roles of ten members of the TLR family have been established (Table 1) .
Bacterial recognition
Lipopolysaccharide (LPS) is a cell wall component of Gram-negative bacteria, and a potent immunostimulant. LPS is composed of lipid A (an endotoxin), core oligosaccharide, and O-antigen [12] . TLR4 forms a complex with MD2 and CD14 and recognizes lipid A of LPS [14] .
TLR2 is involved in the recognition of various microbial components, such as lipoproteins/lipopeptides from Gram-positive and Gram-negative bacteria, and lipoteichoic acid from Gram-positive bacteria, a phenol-soluble modulin from Staphylococcus aureus and glycolipids from Treponema maltophilum [12] . Bacterial peptidoglycan (PGN) activates TLRs recognize molecular patterns associated with a broad range of pathogens including bacteria, fungi, protozoa and viruses. TLR2, which was first shown in 1999 [15, 16] and was then confirmed using TLR2-knockout mice [17] . This observation has been supported by almost 200 publications. However, a recent study by Travassos et al. questioned the ability of PGN to activate TLR2 [18] . More recently, Dziarski and Gupta reevaluated activation of TLR2 by PGN and conclude that polymeric S. aureus PGN is a TLR2 activator [19] . TLR2 is also reported to be involved in the recognition of atypical LPS from non-enterobacteria, whose structures are different from typical LPS of Gram-negative bacteria [20] . However, a recent report has pointed out a possibility of contamination of lipoproteins in a LPS preparation [21] . TLR1 and TLR6 are structurally related to TLR2. TLR2 collaborates with TLR1 or TLR6 in order to discriminate between the molecular structure of diacyl [22, 23] and triacyl lipopeptides [24] , respectively. CD36, a member of the class II scavenger family of protein is involved in diacyl lipopeptide recognition through the TLR2/6 complex [25] . TLR5, in contrast, recognizes the protein flagellin, a major portion of bacterial flagella [26] .
Bacterial DNA, which contains unmethylated CpG motifs, is a strong activator of the host immunity. In vertebrates, the frequency of CpG motifs is remarkably reduced and the cysteine residues of CpG motifs are highly methylated, leading to abrogation of the immunostimulatory activity. TLR9 mediates the recognition of CpG DNA [27] .
Mouse TLR11, a relative of TLR5, is highly expressed in the kidney and bladder. TLR11-deficient mice showed susceptibility to uropathogenic bacterial infections, suggesting that TLR11 senses the component of uropathogenic bacteria. However, TLR11 is thought to be nonfunctional in humans because of the presence of stop codon [28] .
Fungal recognition
TLRs are involved in the recognition of fungi such as Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans and Pneumocystis carinii [12] . Several components located in the cell wall or cell surface of fungi have been identified as potential ligands for TLRs. Yeast zymosan, a crude mixture of glucans, mannan, proteins, chitin, and glycolipids extracted from the cell membrane of fungi, activates TLR2 [29] . TLR2 also recognizes phospholipomannan on the cell surface of C. albicans [30] . TLR4 detects mannan, derived from Saccharomyces cerevisiae and C. albicans [31] and glucuronoxylomannan, which is the major capsular polysaccharide of C. neoformans [32] .
Dectin-1 is a lectin family receptor for β-glucan, which is a fungal cell wall component [33] . Dectin-1 interacts with TLR2 and induces a strong immune response to yeast via recruitment of the tyrosine kinase, Syk [34] [35] [36] .
Protozoan recognition
TLRs are also involved in the recognition of protozoa. Infection with the protozoan parasite Trypanosoma cruzi causes Chagas diseases in human. Glycosylphosphatidylinositol (GPI) anchors that are present in the membrane of T. cruzi have also been shown to activate the innate immune cells via TLR2 [37, 38] . TLR4 recognizes glycoinositolphospholipids from T. cruzi [39] . Murine TLR11 recognizes the profilin-like molecule of T. gondii [40] . Malaria parasites digest host hemoglobin into a hydrophobic heme polymer known as hemozoin. Hemozoin from P. falciparum stimulates macrophages and DCs in TLR9-dependent manner [41] . Furthermore, host defense against Leishmania major and Toxoplasma gondii has been shown to be triggered by activation of TLR-mediated pathways [42, 43] .
Viral recognition
A subset of TLRs recognize viral components and induce antiviral responses. Most noteworthy are, TLR3, TLR4, TLR7, TLR8, and TLR9 which produce type I interferons in response to their ligands.
TLR2 and TLR4 recognize viral components at the cell surface. TLR2 is involved in the recognition of measles virus, human cytomegalovirus and HSV-1 [44] [45] [46] . The fusion (F) protein from respiratory syncytial virus (RSV) is recognized by TLR4. C3H/HeJ mice are a strain that has a missense mutation of TLR4 [47] . C3H/HeJ mice are sensitive to RSV infection [48] . The envelope protein of mouse mammary tumor virus (MMTV) directly activates B cells via TLR4 [49] .
TLR3, TLR7, TLR8 and TLR9 are exclusively expressed in endosomal compartments. After phagocytes internalize viruses or virus-infected apoptotic cells, viral nucleic acids are released in phagolysosomes and are recognized by these TLRs. TLR3 is involved in the recognition of polyinosine-deoxycytidylic acid (poly I:C), a synthetic analog of dsRNA which is generated during viral replication [50] . TLR3-deficient mice were susceptible to mouse cytomegalovirus [51] . On the other hand, TLR3-deficient mice showed resistance to West Nile virus (WNV) infection. This ssRNA flavivirus triggers inflammatory responses via TLR3, which lead to disruption of the blood brain barrier, and subsequent infection of the brain. These findings suggested that TLR3 is utilized by WNV to enter the brain efficiently [52] .
Mouse splenic DCs are divided into CD11c high B220-and CD11c dull B220+ cells. The latter contain plasmacytoid DCs (pDCs), which produce large amounts of IFN-α during viral infection. CpG DNA motifs are also found in the genomes of DNA viruses. Mouse pDCs recognize CpG DNA of HSV-2 via TLR9 and produce IFN-α [12] . TLR9-deficient mice were susceptible to MCMV infection, suggesting that TLR9 induces anti-viral responses by detecting the CpG pattern associated with DNA viruses.
The synthetic imidazoquinoline-like molecules imiquimod (R-837) and resiquimod (R848) have potent antiviral activities and are used for clinical treatment of viral infections. Analysis of TLR7-deficient mice showed that TLR7 recognizes these synthetic compounds [53] . Structurally, TLR7 and TLR8 are highly conserved proteins. Human TLR7 and TLR8, and murine TLR7, recognize imidazoquinoline compounds [54] . Furthermore, guanosine analogs such as loxoribine induce anti-viral and anti-tumor activities via TLR7 in mouse. Recently, TLR7 and human TLR8 have been shown to recognize guanosine-or uridine-rich single-stranded RNA (ssRNA) from viruses such as human immunodeficiency virus (HIV), vesicular stomatitis virus (VSV) and influenza virus [55, 56] .
NLR
Another family of mammalian pattern-recognition receptors is now emerging, known as NLRs. NLR proteins harbor three characteristic domains. NLRs, like TLRs, contain a LRR domain, which is involved in ligand recognition. A centrally located NOD (also known as a NACHT domain) acts as an ATP-dependent dimerization domain. The N-terminal domain is composed of protein-protein interaction cassettes. NLRs are divided into subgroups according to the N-terminal domain: caspase-recruitment domain (CARD), pyrin domain (PYD), Baculoviral inhibitory repeat (BIR)-like and unclassified. NODs, NALPs and IPAFs contain CARDs, PYDs and BIR, respectively. All these domains are involved in the regulation of pro-apoptotic and pro-inflammatory signaling [57] .
NOD1 and NOD2 elicit transcriptional responses when activated by peptidoglycanderived peptides, γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) [58] and muramyl dipeptide (MDP) [59, 60] , respectively.
Interleukin 1β (IL-1β) and IL-18 are proinflammatory cytokines, which are important in the host defense against pathogens and in the pathogenesis of various inflammatory diseases. Both IL-1β and IL-18 are synthesized as an inactive form in the cytoplasm. The precursors of IL-1β and IL-18 are processed proteolytically into biologically active mature forms by inflammasomes, which are multiprotein complexes. An inflammosome is responsible for the activation of caspase 1 and 5, leading to the processing and secretion of IL-1β and IL-18 [61] . Two types of this inflammasome have been reported so far; NALP1 inflammasome and NALP2/3 inflammasome (Figure 1 ). The NALP1 inflammasome is composed of NALP1, apoptosis-associated speck-like protein (ASC), caspase 1 and caspase 5, while the NALP2/3 inflammasome contains NALP2/3, ASC, caspase 1 and cardinal. NALPs are the chief platforms for inflammasome [62] . ASC is an essential adapter molecule that connects the NALPs to caspase 1. Since NALP2/3 does not have a FIND domain or CARD domains in the C-terminus, the NALP2/3 inflammasome contains cardinal, which has the same structural organizations as the C-terminal region of NALP1 [62] . All of the inflammasome components reside in the cytoplasm. Activation of an inflammasome is thought to occur through the recognition of PAMPS by NALPs. However, the precise activation mechanism of inflammasome remains obscure.
The NALP3/cryopyrin/CIAS1 inflammasome is activated by MDP [63] . Mutations in the NALP3 gene are linked to three autoinflammatory disorders: Muckle-Wells syndrome, familial cold autoinflammatory syndrome, and chronic infantile neurologic cutaneous and articular syndrome [64] . Recent reports have shown that NALP3/cryopyrin/CIAS1 is involved in the recognition of bacterial RNA [65] , ATP [66] and uric-acid crystals [67] , and is essential for caspase-1 activation as well as IL-1β and IL-18 production in response to these ligands [68] (Figure 1) .
Macrophages respond to Salmonella typhimurium infection via another CARD-containing NOD-LRR protein, Ipaf, that activates caspase-1 and secretion of IL-1β. Recent report have shown that cytosolic bacterial flagellin of S. typhimurium activates caspase-1 through Ipaf but was independent of TLR5 [69, 70] (Figure 1) .
The Lgn1 locus has been found to control the intracellular replication of Legionella pneumophila in murine macrophages. NAIP5/Birc1e, a NLR protein with BIR domains, has been identified as responsible for the Lgn1 effect. NAIP5/Birc1e is involved in the cytoplasmic recognition of L. pneumophila and is responsible for L. pneumophila-mediated caspase-1 activation. It has been reported recently that macrophages sense cytosolic bacterial flagellin of L. pneumophila, resulting in activation of caspase-1 through Ipaf in a TLR5-independent manner [71] [72] [73] (Figure 1 ).
Anti-viral RNA helicases
Whereas TLRs recognize viral components at the cell surface or in the endosomal compartments, there exists a distinct mechanism to detect replicating viruses in the cytoplasm in a TLR-independent manner [74] .
RIG-I and MDA5
Retinoic acid-inducible gene I (RIG-I, also known as Ddx58) and melanoma-differentiationassociated gene 5 (MDA5, also known as Ifih1 or Helicard) have been identified as cytoplasmic receptors for viral dsRNA [5, 6] . RIG-I and MDA5 contain a DExD/H box RNA helicase, which contains a C-terminal helicase domain and two tandem caspase-recruiting 
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NLRs recognize bacterial proteins in the cytoplasm and trigger signaling pathways. MDP, RNA, ATP and uric acid crystal are recognized by NALP3, which forms an inflammosome comprised of ASC, CARDINAL, and caspase-1. NALP1 also forms an inflammasome composed of ASC, caspase-1 and caspase-5. Little is known about the natural stimuli that lead to the activation of NALP1 inflammasome. Activated caspase-1 cleaves pro-IL-1β for the maturation of IL-1β. Another NOD-LRR protein, IPAF, is activated by S. typhimurium and induces maturation of IL-1β associating with ASC. Naip5/Birc1e is activated by L. pneumophila and induces caspase-1 activation in an IPAF/ASC-dependent manner. domains (CARD) at the N terminus [5, 9] (Figure 2 ). RIG-I and MDA5 binds to RNA with its C-terminal helicase domain and unwinds dsRNA in an ATPase-dependent manner [5, 9, 10] . Further, RIG-I and MDA5 recognize different types of dsRNAs [10, 11] : whereas RIG-I detects in vitro transcribed dsRNAs, MDA5 recognizes poly I:C. RNA viruses are also recognized differentially by RIG-I and MDA5. RIG-I is essential for the immune responses against several RNA viruses, including Newcastle disease virus (NDV) [10] , Sendai virus (SeV) [10, 75] , vesicular stomatitis virus (VSV) [10] , Hepatitis C virus (HCV) [76] and Japanese encephalitis virus (JEV) [11, 77] in various cells except for pDCs, in which TLR systems are mainly responsible for RNA virus-mediated type I IFN induction) [10] . In contrast, MDA5 is critical for picornavirus detection [11] . Thus, RIG-I and MDA5 distinguish different RNA viruses and are essential for eliciting host antiviral responses.
RIG-I recruits a CARD-containing adapter, IPS-1 [78] (also known as MAVS [79] , VISA [80] or Cardif [81] ). IPS-1/MAVS/VISA/Cardif relays the signal to the kinases TBK1 and IKK-i, which phosphorylate interferon-regulatory factor (IRF) 3 and IRF7, transcription factors essential for the induction of type I IFNs. Seth et al. showed that MAVS localizes to the outer mitochondrial membrane. The mitochondrial targeting transmembrane domain is essential for MAVS signaling, suggesting the importance of mitochondria in innate immunity [79] . Recently, MAVS-deficient mice and IPS-1-deficient mice were generated [82, 83] . MAVS-and IPS-1-deficient mice showed similar phenotypes, which defect in both RIG-I-and Mda5-mediated induction of type I IFN and inflammatory cytokines and were susceptible to RNA virus infection. Thus, IPS-1/MAVS is the sole adapter in both RIG-I and Mda5 signaling that mediates effective responses against a variety of RNA viruses [82, 83] (Figure 2 ). Viruses produce dsRNA during replication in cytoplasm. RIG-I and Mda5 recognize dsRNA to initiate antiviral signaling. IPS-1 interacts with RIG-I and Mda5 via the CARD-like domain, followed by the activation of IRF3 and IRF7 via TBK1-and IKKi-dependent phosphorylation. IPS-1 also activates NF-κB via FADD/RIP1-dependent pathways. Synthetic dsDNA activates type I IFN promoters, although a receptor responsible for DNA recognition has not been identified. An RNA helicase, Lgp2, is also related to RIG-I and MDA5, but lacks the CARDlike domains. Over-expression of Lgp2 inhibits Sendai virus-induced activation of IFN-β promoter, suggesting that Lgp2 is a negative regulator of RIG-I and MDA5 [9, 84] . Future in vivo analyses are expected to provide greater detail pertaining to will clarify the function of Lgp2 function.
DNA recognition in cytoplasm
Host cells recognize DNA, including host DNA, in TLR9-independent manner. DNase II, a chief DNase present in the phagosome of macrophages, clears DNA from phagocytosed apoptotic cells or debris. In DNase II-deficient mice, macrophages begin to produce IFN-β in TLR9-independent manner [85] . Furthermore, dsDNA but not ssDNA derived from either pathogens or the host activates both immune and nonimmune cells when introduced into the cytoplasm by transfection [86, 87] . dsB-form DNA (B-DNA) is the canonical right-handed double helix, which was firstly proposed by Watson and Crick. Z-form DNA (Z-DNA) is another biologically relevant structure, consisting of left-handed duplexes. B-DNA, but not Z-DNA, stimulated mouse and human stromal cells and DCs, resulting in the production of type I IFN and chemokines. In addition, B-DNA activation of fibroblasts conferred resistance to viral infection, suggesting that B-DNA-induced IFN genes might be important in antiviral innate immune responses [88] . Furthermore, B-DNA also activates a type I IFN response to Listeria monocytogenes, an intracellular 'invasive' bacterium. Interestingly, the 'noninvasive' Legionella pneumophila triggers an identical response through its type IV secretion system [89] . This signaling pathway is independent of TLR, RIG-I, MDA5 or components of the DNA damage repair pathway such as Ku70, the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs), p53 and the Ataxia-Telangiectasia-mutated kinase (ATM) but requires TBK1 and Interferon regulatory factor 3 (IRF3) [88, 89] . In contrast to dsRNA, IPS-1/MAVS was not essential for the responses to either DNA virus or dsB-DNA [82, 83] (Figure 2 ). It is necessary to identify a cytoplasmic detector of DNA and to clarify its signaling pathway.
Conclusion
In the past few years, intensive studies of TLRs clarify the molecular mechanisms of pathogen recognition in innate immunity. Research on TLRs has also revealed that recognition of intracellular pathogens is mediated via a TLR-independent mechanism. The system of cytoplasmic receptors such as NLRs and RNA helicases are parallel to the TLR microbial-recognition system. These molecules open up a challenging new area for the study of innate immunity. Future analysis on PRRs should provide a more comprehensive understanding of innate immune responses.
